LCs show advantages compared to pure LCs because of their improved electro-optical characteristics due to enhanced photoluminescence [1] , reduced driving voltage [2] , improved order parameter and dielectric anisotropy [3] , fast response time [4] and spontaneous vertical LC alignment [5, 6] . On the other hand, if NPs are considered for their plasmonic properties, they can find in LCs a convenient host that can promote their nanoscale self-organization. Depending on the considered phase (nematic, cholesteric or smectic), LCs show short or longrange order. By accurately matching the capping material of the NPs, their size and shape with the right LC host it is possible to induce NPs to follow this order and hence achieve self-organization [7] [8] [9] . Even if noticeable, this is not the only advantage of using LCs as a host for NPs. Being birefringent, LCs represent a possible way for realizing optical metamaterials with tunable functionalities: indeed, according to Mie's theory, the localized surface plasmon resonance (LSPR), typical of NPs, depends on the refractive index of the medium surrounding them [10] . For LCs, this value can be finely controlled in a broad interval (typically from 1.5 to 1.7) by means of external stimuli (electric fields or by temperature changes). When combining plasmonic NPs with LCs, depending on the chosen LC mesophase, many configurations emerge. In the following, we will consider several of them in detail, providing evidence for advantages and potential drawbacks. Considering these configurations, the main distinction derives from the way plasmonic subunits are put in contact with the LC phase. So that, we identify systems where metal nanoparticles are immobilized on a substrate and layered with LCs or the case where NPs are homogeneously dispersed in the bulk of the mesophase. Even if extensive, this review is not conceived to be exhaustive: many configurations have already been exploited but many more are still to come, which explains the wide interest demonstrated by the scientific community to this topic.
Introduction
The "scientific wedding" between metal nanoparticles (NPs) and Liquid Crystals (LCs) represents a promising and durable relationship due to the benefits that both derive from their mutual interaction. Nanoparticle-doped
Gold nanospheres immobilized on a substrate and layered with nematic liquid crystals
A convenient active plasmonic system can be obtained by assembling random arrays of gold NPs (GNPs) immobilized on a conductive substrate and layered with nematic LCs (NLCs). This system offers a two-fold advantage because large area samples can be easily fabricated as the result of a bottom-up and self-assembly procedure whereas the randomness of the particle distribution assures the independence of the optical properties from the polarization of the probing light. GNPs have been prepared according to the Turkevich method, described in details elsewhere [11] . NPs fabricated by using this technique show a characteristic negative surface charge which arises from the mono-layer of citrate capping molecules. The simple dipping of a substrate, suitably functionalized to possess a positive surface charge, in a solution of GNPs can result in a single layer of GNPs deposited at the substrate surface. Indeed, the negatively charged particles stick on the positively charged surface while their electrostatic repulsion induces their selforganization in a mono-layer. The ITO-coated glass substrates were functionalized by first exposing them to a solution of H 2 O 2 (30%) for 30 minutes before washing with copious amounts of Milli-Q water (18.2 MΩ*cm). After drying in a stream of compressed air, the substrates were immersed in a 5% (v/v) solution of N- propyl]ethylenediamine in ethanol for 30 minutes and were again rinsed with water; then, dried and set in an oven at 120°C for a further 30 minutes. In order to deposit a second GNP array at a well-defined distance from the first one [11] , a series of charged polymer layers were assembled by exploiting, once more, electrostatic interactions [12] . In the actual case, seven polymer layers, consisting of the positively and negatively charged poly-(allylamine hydrochloride) and poly(sodium 4-styrenesulfonate) respectively, were assembled in-between the two GNP arrays. Polymers had a concentration of 5 mg/mL in 0.1 M NaCl and were deposited for one minute before rinsing with water and drying under a stream of compressed air. All measurements, excluding the SEM image, which was taken on a single GNP array, were conducted on two GNP arrays separated by seven polyelectrolyte (PE) layers. This choice is due to the fact that, by means of PE layers, it is possible to carefully adjust the distance between adjacent GNP arrays and hence control the spectral position of the LPR. This multi-step process is known as "layer-by-layer assembly" and allows the realization of layered arrays of GNPs [11] . Figure 1a and 1b are Scanning Electron Microscopy (SEM) images of the GNPs distribution; they are well dispersed and approximately equally spaced (with an average radius of about 10 nm). The Atomic Force Microscopy (AFM) topography reported in Figure 1c and 1d confirms this result: the analysis shows an average radius of about 15 nm with a modulation depth of 22 nm (see color scale, Figure 1c ). The discrepancy in the measured radius between the SEM and the AFM characterization is attributed to the convolution between the AFM tip (~ tens of nm) and the average size of the GNPs, that is of the same order of magnitude. Conversely, due to the high vertical resolution (up to 0.1 nm) the modulation depth represents an accurate measurement of the GNP diameter, indeed in agreement with the diameter inferred from SEM measurements. We have investigated the spectral response of the GNP arrays by probing the sample with unpolarized white light (wavelengths in the range 300-900 nm) impinging at normal incidence. In Figure 1e , a pronounced absorption peak at λ=522 nm with a measured extinction coefficient of ≈ 10% is observed. Both the spectral position and the narrow width of the peak confirm the existence of a LSPR due to the presence of well-dispersed GNPs [13] .
It is worth noting that the exciting light propagates through the aforementioned multilayer system. As such, the obtained spectral response is to be considered as an average information and no distinction of the contributions of the single layers can be made. In order to exploit the organizational reconfigurability properties of the NLC (used as a surrounding medium for the GNPs) and achieve an active control of their LSPR, we have realized a glass cell by combining a conductive cover glass, treated with a thin polyimide layer for inducing a planar alignment of the NLC, with a substrate containing GNP layers. Glass and GNP-coated substrates were kept at a controlled distance by 4 µm glass microspheres and the NLC in isotropic phase (65°C, E7, by Merck) has been introduced by capillary action. In order to realize a good NLC alignment, the sample was slowly cooled down to room temperature through a low-slope linear ramp [14] . The NLC possesses a hydrophobic alkyl chain and a hydrophilic cyano head group [13] . In the bulk of the cell, its director exhibits a hybrid configuration due to a competition between the almost homeotropic alignment, induced by the electrostatic interaction with GNPs on one side of the cell, and the planar alignment due to the functionalized top cover glass on the other side (Figure 2a ).
This hybrid configuration provides an intriguingly interesting environment for the realization of electro-optic effects. Under the influence of an electric field applied to the planar cell, the NLC director is reoriented (along the field direction, Figure 2b ), thus changing the effective birefringence, Δn, of the device and modulating the transmitted light intensity. It is worth noting that, due to the induced NLC molecular reorientation, the average Δn can be easily varied and eventually switched to zero [15] . In order to check the influence of the birefringence variation on the LSPR of the GNP array, we have characterized the spectral response of the sample by probing it with unpolarized white light at normal incidence for different values of the applied voltage; obtained results are reported in Figure 3 .
It is worth noting that by increasing the applied voltage the plasmonic absorption peak exhibits a "dancing behavior" with a continuous blue-red shift of its spectral position (Figure 3a) . In order to exclude that closed-cell multiple reflections could be responsible of this peculiar behaviour, we have repeated the same experiment with an identical cell filled in with the same liquid crystals but without any GNPs on the substrates. Even if multiple reflection oscillations are observed in transmission, upon applying an external electric field to the cell, no wavelength shifts are present in the range of interest. Moreover, the "dancing behaviour", which is noticeably evident in the high magnification of Figure 3c , is also in contrast with the optical behavior predicted by the Mie theory [10] for a dispersion of isolated spherical particles. In fact, this theory predicts a linear dependence of the resonance wavelength (assumed to correspond to the local minimum of the transmission) on the value of the refractive index of the surrounding medium (a monotonic red or blue shift for increasing or decreasing values of the refractive index, respectively), when considered in a specific small range. In our case, a decrease, roughly estimated from 1.6 to 1.5, of the NLC refractive index value, obtained under the influence of the external electric field, should yield a blue-shift of the plasmon resonance wavelength. Moreover, the real refractive index change, experienced by the LC molecules in proximity of the GNPs, will be even less because, upon application of the external electric field, they undergo a small reorientation from almost homeotropic to fully homeotropic.
Under these conditions, theoretical predictions suggest that the influence of the refractive index variation on the plasmon resonance spectral position should be limited [16] [17] [18] [19] . The experimental observation is instead a quite surprising non-linear modulation of the LSPR wavelength ( Figure 3d ). This unusual behavior might be explained by taking into account the influence of the ITO layer underlying the GNP array. Indeed, Feigenbaum et al. [20] have demonstrated that, by shifting the plasma frequency of free carrier accumulation layers, it is possible to observe unity-order refractive index variations. This effect takes place when an external electric field is applied to a system where an ITO layer is separated from a gold layer by a dielectric layer (SiO 2 , in their case). Under this condition, a 5 nm thick accumulation layer appears at the dielectric/ITO interface and the field increases the carrier concentration from 1021 to 1022 cm -3 . It is worth noting that no refractive index modulation is observed unless the SiO 2 layer is present. This remarkable result has been exploited to obtain an electro-optical and all-optical control of plasmon modes of individual nano-antennas using the nonlinear response of nanoantenna-ITO hybrids [20, 21] . Because of the organosilane layer used to functionalize the glass/ITO substrate (according to the method described above), our system is similar to the one described by Feigenbaum. As such, it is reasonable to also expect, the formation of an accumulation layer at the organosilane/ITO interface in our case and thus a refractive index variation on field application; as a result of the refractive index variation, the accumulation layer behaves as an additional "active" medium. In order to verify our hypothesis concerning an effect of the free carrier accumulation layer on the plasmonic resonance, we performed electro-optical experiments by using an empty glass cell (similar to the previously described one, but having air instead of NLC). Obtained results are reported in Figure 4a :
By increasing the applied voltage, from 0 V to 10 V, a monotonic red-shift of about 9 nm is observed, as reported in Figure 4b , where we draw the variation of the plasmonic resonance wavelength (local minimum of the transmission) versus the external voltage for the empty fferent values of the applied voltage; obtained results are reported in Figure 3 . glass cell. This result suggests that, under the influence of the external electric field, the carrier accumulation and the NLC layers enter somehow in competition as "active" media surrounding the GNPs layer. The exact way they contribute to the position of the plasmonic resonance wavelength is not yet clear and will be further investigated; most probably, depending on the value of the applied voltage, they combine their effects causing either an increase or a decrease of the value of the effective refractive index of the medium surrounding the GNPs layer. Most probably, by combining their effects, ITO and LCs together play a larger role (Figure 3c ) than the one LCs could play alone. In more detail, the accumulation layer at the organosilane/ITO interface is expected to impact on the first gold layer mainly, whereas the liquid crystal is expected to impact more on the second one. Finally, it is worth noting that, despite a similar initial approach, these results cannot be compared with the ones reported in ref. [22] ; indeed, in that case, the absence of a dielectric interface between gold nanodisks and the ITO layer prevents the creation of a charge accumulation layer, which can induce a change in the local refractive index.
Gold nanorods immobilized on a substrate and layered with nematic liquid crystals
Gold nanorods (GNRs) represent an interesting class of NPs. Their peculiarity is to show two (transverse and longitudinal) LSPRs located at different wavelengths (from visible to NIR) that depend on the particle size and aspect ratio [23] . The longitudinal resonance exhibits very high sensitivity to refractive index variations of particles surrounding the medium [24] . Following the strategy described in the previous paragraph, we report on the realization and characterization of large scale (~ cm 2 ) GNRs arrays immobilized on an ITO coated glass substrate and layered with an NLC film that is used as an "active" surrounding medium. GNRs have been prepared according to the seed-mediated growth method described in detail elsewhere [25] . GNRs are positively charged due to the surrounding bilayer of cetyltrimethylammonium bromide (CTAB), a layer of negatively charged Poly(sodium 4-styrenesulfonate) (PSS, Mw 70000) that needs be deposited on the first positively charged layer. The ITO-coated substrates were prepared as reported above for the GNPs deposition but, in this case, they were immersed for 2 minutes into a solution of PSS (5 mg/mL in 0.1 M NaCl) and were again rinsed with water and dried in a stream of compressed air. The substrates were then left in a 200 mM NaCl solution of GNRs overnight, and again rinsed with water and dried in a stream of compressed air. Figure 5a is a SEM image of the obtained GNRs distribution; it shows well dispersed and approximately equally spaced rods with ~ 2.6 aspect ratio (AR). The GNRs are randomly distributed and oriented, and exhibit no discernible organization on the surface as deposited. The GNRs distribution exhibits a longitudinal band at 619nm (Figure 5b ). It is worth noting that the unusually broad longitudinal band overlays the transverse one at 525nm. This overlap can be avoided by red-shifting the longitudinal band to the near infrared by slightly increasing the AR (small changes in AR lead to drastic changes in the position of the longitudinal band). To depict the sample fabrication and characterization procedure, we have reported a sketch of the step by step processes in Figures 6a,b , where we have also indicated with TP and LP the transversal and longitudinal polarization direction with respect to the long axis of the GNRs substrate, respectively. Figure 6a sketches a GNRs substrate while Figure 6b shows planar aligned NLC. In order to exploit the above described fabrication process, we have functionalized both GNRs and ITO coated glass substrates with polyimide layer, rubbed by a soft tissue in order to induce a planar alignment of the NLC molecules; then, the NLC (MDA-00-1444, by Licristal) is "sandwiched" between the treated GNRs substrate and the top cover glass. The two substrates are spaced by 10 µm glass microspheres and the NLC is introduced by capillary flow at room temperature; the NLC director, n, orients parallel to the substrates (along the TP direction). In a second step, we have performed a spectral analysis of the sample by considering two different polarizations of the probe light (LP and TP) as depicted in Figure 6b . Figure 6c compares the absorption spectrum of the GNRs substrate with and without the NLC over-layer. It is worth noting that without the NLC over-layer (Figure 6c , blue curve) the sample exhibits a longitudinal band at 619nm. Therefore, in order to take into account the NLC birefringence, we have performed a polarized spectral analysis of the sample. The influence of light polarization on the optical response of the sample is shown in Figure 6c (red and magenta curves), which reports the spectral analysis for impinging LP (red curve) and TP (magenta curve) radiation. The two peaks are red-shifted by about 3 nm and 6 nm respectively with respect to the GNRs substrate (Figure 6c , blue curve). This effect can be explained by taking into account the fact that the optical properties of ellipsoidal particles are predicted by Gans theory [26] and in this framework, the spectral position of the LSPR peak depends on the refractive index of the dielectric material surrounding the GNRs. In our particular case, the presence of the NLC layer increases the local refractive index near the GNR layer. The refractive index of the GNRs substrate is ~1 (we consider air as surrounding medium) while the LC ordinary (no) and extraordinary (ne) indices are respectively 1.54 and 1.67 at λ=630 nm. Specifically, LP light will experience a refractive index variation from 1.00 to 1.54 while for TP light, the refractive index varies from 1.00 to 1.67 . Surprisingly, despite the longitudinal resonance having exhibited a very high sensitivity to variations in the refractive index of the surrounding medium, in the actual case, we observed only a 9 nm shift. This behavior can be explained by considering that the LSPR oscillation is confined onto a 30-40 nm thick layer at the surface; in our case, in order to induce the planar alignment of the NLC layer, we have deposited a quite thick (≈100nm) polyimide layer (this expedient was necessary to protect the GNRs substrate during the rubbing process). It is worth noting that, being GNRs encapsulated in the alignment layer, they are closer than 100nm to NLC molecules and evidently close enough for the NLC to influence the LSPR spectral position, even if in a very limited way. However, in a similar approach, we have already demonstrated an efficient way to overcome this suppression at the surface through the use of a PhotoAlignment Layer (PAL) whose local orientation can be modulated using polarized light [27] . This few nanometer ultra-thin film, acts as a command layer for controlling the LC order directly on the surface and localizing a change of the LC refractive index around the GNRs.
In order to verify the active plasmonics properties of the system, the sample has been placed at 45° between crossed polarizers and the transmission spectrum of the system (polarizer+sample+analyzer) acquired with a (Agilent) spectrometer. During the experiment, the refractive index value of the NLC has been modified through the use of an a.c. voltage (square wave, 1 KHz) externally applied to the cell. Figure 7a shows the transmission spectra of the sample while increasing the amplitude of the electric field.
The sinusoidal like behavior reported in Figure 7a can be explained by considering that the transmission (T⊥) of light through a birefringent medium placed at 45° with respect the polarizers/analyzer axes is given by: Figure 7a ) inducing a suppression of different parts of the visible spectrum and, therefore, in general, in a non-white colour response as evidenced by the Polarized Optical Microscope (POM) view reported in Figure 7b . It is worth noting that, due to the NLC molecular director reorientation (along the electric field direction), Δn is gradually reduced with a consequent blue shifted spectral response (see magenta, blue and orange curves in Figure  7a ) and color change (Figures 7c-e) . Indeed, according to equation (1), we observe that by gradually decreasing Δn it is possible to maximize T⊥ for smaller values of λ (blue shift range). Moreover, we have used the spectral analysis reported in Figure 7a for evaluating the absolute value of Δn and its variation under the influence of the external electric field. Indeed, the argument of equation (1) can be maximized by fulfilling the following relationship:
nd m π π λ ∆ = (2) As a result, we have measured a Δn variation of about 0.095; this value is lower than the one we measured in presence of the same material planarly aligned in a conventional glass cell (Δn ≈0.2). This difference can be explained by considering that the effect of the GNRs substrate, despite the presence of the thick alignment layer, affects the NLC average orientation as well. Most probably, the electrostatic interactions, induced by the presence of the NRs, result in a lowering of Δn. However, in order to check the influence of the birefringence variation on the plasmonic resonance of the GNRs array, we have analyzed the LSPR of the sample by probing it with polarized (TP) white light at normal incidence for different values of the applied voltage; obtained results are reported in Figure 8 .
It is worth noting that, by increasing the applied voltage, the LSPR peak exhibits a ''dancing behavior'' with a blue-red shift of its position (Figure 8b ). This behavior is in contrast with the optical properties of ellipsoidal particles predicted by Gans theory [26] but it can be considered as a further confirmation of the similar behavior observed in the previous paragraph. In that case, it has been verified that the presence of a carrier accumulation layer which, together with the NLC layer, competitively contributed to the effective refractive index value of the medium surrounding the nanospheres results in the non-monotonic shift of the LSPR wavelength position. This time, preparing the sample realized with a similar technique except for the shape of the nanoparticles, it is also reasonable to suppose the presence of the accumulation layer and hence understand the behaviour reported in Figure 8 . 
Gold nanospheres embedded in a bulk of cholesteric liquid crystals
With respect to the previously considered configurations, quite different is the situation when NPs are not immobilized on a substrate but dispersed in a bulk LC phase. Besides being an interesting and promising topic from the application point of view, this case is far from being a problem with a trivial solution because of the non-local elastic response of the LC to any perturbation introduced. Depending on their size, shape and surface treatment, NPs can introduce defects and orientational disorder in the LC [28, 29] and when interparticle attractive forces are coupled with LC elastic properties, regular defect networks can be observed [30, 31] . In the following, we show how a small percentage of spherical GNPs (diameter = 12 nm) dispersed in a cholesteric LC phase (BL094, pitch 400nm),besides affecting the electrical behavior, influences its structural order as well [32] . Under particular conditions, the formation of orientational defects is accompanied by an increase of the local order observed in terms of the appearance of smectic phase correlations.
A cholesteric LC (CLC) is a specific LC phase in which the molecular director, indicating the average molecule orientation, forms a helix whose pitch is typically comparable with visible wavelengths. A glass cell, whose inner surfaces have been previously treated to give a planar alignment to a NLC, can induce a peculiar alignment when filled with pure cholesteric. In detail, the CLC phase assumes a (Grandjean) configuration with helices perpendicular to the sample surfaces [33] . In these conditions, the sample shows a strong selective reflection of light that provides it the typical blue-green opalescent colour. Generally, the quality of the alignment can be improved by bringing the filled-in sample above the LC clearing point and then by slowly cooling it down to room temperature (about 0.5°/min). In our case, the application of the same thermal treatment to the CLC doped by GNPs (0.5% wt) brought the sample to a completely different situation. After the thermal treatment the selective reflection that was initially shown by the sample was totally lost and, looking at the sample by optical microscopy, focal-conic textures ( Figure 9 ) were observed. The same textures have been observed in different confining geometries: freely suspended films, planar cells, and droplets deposited on free surfaces. This suggests that the CLC behavior is independent of the boundary conditions at the sample surface.
Apparently, the presence of GNPs in the bulk is actually creating distortions in the helix envelope, resulting in the presence of the observed defects. In more detail, it is reliable to suppose that the applied thermal treatment slightly modifies the capping agent (citrate) of the particles inducing their aggregation. Then, upon cooling the sample down from the cholesteric-isotropic transition temperature, GNPs aggregates most likely behave like cores of orientational point defects [34] that prevent the formation of the expected cholesteric phase. Due to the LC elastic properties, the distortion extends for a long distance, thus influencing the other nanoparticles and their mutual interactions. Once the defects are created, NPs spontaneously move toward them. The trapping ability characterizing LC defects is a well-known phenomenon and it has been subect of a diversity of studies [35] [36] [37] [38] [39] . The localization of micro-and nanoparticles in LCs singular defects is indeed energetically favourable and contributes to the defect's stabilization. The textures stabilized by the presence of the micro-clusters persist over time in absence of external stimuli. Upon comparing the micrographs in A X-Ray Diffraction (XRD) analysis has been performed on both pure and doped samples. In Figure 10 , XRD spectra relating to measurements on glass substrates are reported. In the spectrum related to the doped sample ( Figure 10 , continuous red line) a Bragg peak due to the increasing of short-range smectic correlations [40, 41] can be noticed; from its spectral position (2θ = 2.3 ± 0.6) it is possible to estimate the layer's periodicity (3.530 ± 0.001 nm). On the other hand in the case of the pure cholesteric sample we could not observe any peak (Figure 10a , dashed blue line); being the correlation between molecules weakens this corresponding to a broader and less intense peak that cannot be distinguished from the background signal. We hypothesize that NPs aggregates dispersed in the bulk are disturbing the helix formation imposing a local layering that results in the observation of a narrower Bragg peak in the XRD spectrum.
Ion-capped GNPs dispersed in the liquid crystal, form clusters that highly perturb the cholesteric organization inducing focal conics defects all over the sample. Moreover once the defect is created it acts as a trap promoting a further phase segregation. Despite the induced macroscopic disorder, the local order increases resulting in the formation of small smectic domains.
Gold nanospheres embedded in a channelled POLICRYPS structure
Another way of mixing plasmonic NPs with bulk LC phases, is that of confining the mesophase in particular geometries that can limit the non-local elastic response of LCs. Past experiments have shown that it is possible to realize a polymeric platform that is able to align and microconfine a large variety of LC materials, without the need of any chemical and/or mechanical treatment. This platform can be obtained by following a two-step process that consists in writing, by holographic means, a periodic soft-composite POLICRYPS structure [42] [43] [44] [45] and then etching the obtained structure by microfluidic means. The result is a channeled polymeric structure that can be filled in with a large variety of other materials [46] [47] [48] [49] [50] .
In the following, we show that the same platform can be utilized similarly well for efficiently aligning CLC doped with GNPs [51] .
In order to obtain a homogeneous mixture of GNPs and CLC, the Harima Gold nanopaste NPG-J (from Harima Chemicals, Inc., generally used for other aims like ink-jet printing and laser sintering) has been mixed with the BL095 CLC by Merck (helix pitch ~ 400 nm). Harima nanopaste NPG-J contains 55%wt of Au with a size distribution of about 10 nm and a plasmonic absorption peak in solvent (naphthen) at λ=525 nm. The GNPs have been mixed to the CLC in high concentration (about 20%wt) and then infiltrated, by capillarity, in the polymeric template. The best optical performances were exhibited by a grating of L~10 µm thickness and Λ~6 µm pitch. As demonstrated previously [14] , the polymeric template is able to align and induce the self-organization of LC phases. In this case, it was able to orient the axes of CLC helices to be almost parallel to the polymeric slices, in a Uniform Lying Helix (ULH) configuration [52] . Figure  11a shows a POM micrograph of the sample at the edge of the photo-sculptured grating area; on the left, the photo puts into evidence the existence of a standard focal conic texture, induced by a random distribution of the helical axes.
On the right, the ULH geometry induced by the polymeric structure (Figure 11b) , as demonstrated by the presence of a selective reflection, typical of a short pitch CLC (Figure 11c ). In order to measure the selective reflection of the sample, the top geometry has been probed with a white light source (grazing angle) while monitoring the intensity at the output of the microchannels with a fiber spectrometer. As a result, due to the ULH geometry, the helical nature of the structure reflects 50% of the impinging intensity and transmits the remaining 50%, whereas the sample remains transparent to light with wavelength is outside that range. Despite the quite high concentration of GNPs, the high magnification in Figure 11b indicates that the CLC exhibits a uniform alignment, with very well organized helices confined between polymeric slices. This is a clear indication that the CLC exhibits good "host-fluidity" properties for the GNPs; at the same time, its high degree of order indicates that the CLC phase is weakly perturbed by the presence of GNPs. The obtained structure represents a successful combination of a "topdown" approach (polymeric template fabrication) with a "bottom-up" one, represented by the self-organization of GNPs in CLC helices; in this way the microscale meets the nanoscale. In order to study the effects produced by the presence of GNPs inside the microstructure, a Scanning Electron Microscope (SEM) and an Electron Back-Scattering Diffraction (EBSD) characterization of the sample has been performed to figure out the particle's distribution within the CLC host. In particular, EBSD analysis is valuable to distinguish gold from other materials, since the yield of backscattered electrons increases with the specimen's atomic number (Z); in this case, the presence of Gold (Z=79) produces a high contrast with the polymer microstructure (a thiol based system with Z~18). As shown in the EBSD view of Figure  11d , the bright stripes confirm the presence of gold along the microchannels only, while in the high magnification (Figure 11e) , it is possible to notice that CLC branches are literally "wrapped" by densely packed GNPs. Considering the size of involved NPs (~10nm), the SEM resolution is not able to show their morphological details.
In order to check the influence of GNPs on the optical properties of the whole structure, its spectral response has been investigated by probing the sample with linearly polarized white light at normal incidence; obtained results are reported in Figure 12 .
It is evident that p-polarized light is strongly diffracted and its transmission is almost suppressed (diffraction pattern of Figure 12a , magenta curve). On the other hand, s-polarized light is highly transmitted in almost the whole analyzed range (diffraction pattern of Figure 12a , blue curve). This behavior has already been observed in the past with a similar structure [53] and can be easily explained by supposing that the CLC helices lay, on average, along the channels of the template structure. It is reasonable to assume, therefore, that two different effective refractive indices exist: n⊥ (whose value can be estimated to be ~1.64), quite different from the polymeric refractive index np (~1.54), which is experienced by light whose electric field vector is perpendicular to the channels (p-wave), and n|| whose value can be estimated to be ~1.56 ~np, for light whose electric field vector is parallel to them (s-wave). Above rough estimation of n⊥ and n|| have been made by calculating two different averages of differently weighted ordinary and extraordinary refractive indices (no and ne) of the CLC. Due to the alternation of n⊥ and n p indices, the grating structure is therefore experienced only by the p-wave. Incidentally, the noticeable difference between n⊥ and n|| values is confirmed by the pronounced birefringence shown by the sample (Figure 11b , picture taken between crossed polarizers).
In the blue curve of Figure 12a , a pronounced absorption peak at λ=532 nm, with an extinction coefficient of 0.2 can be observed. This peak cannot be attributed to any diffractive mechanism because the structure appears optically homogenous (n||~np) to the incoming s-wave. Both the spectral position and the narrow width of the measured peak suggest, instead, that it is due to the presence of GNPs dispersed in the CLC host and, more precisely, to their LSPR. This hypothesis is supported by similar results reported in literature [13] , and observed in different systems where GNPs are also involved [54] . Even if physically remarkable, this result Figure 12 . Spectral response of the sample for two values of the external electric field (a) and its higher magnification detail (b). In (a), considering the curves from the bottom, the first curve (magenta in figure) refers to the sample excited with p-polarized light; the intermediate and the upper curves (respectively blue and green, in figure) relate to the sample excited with s-polarized light and with an external electric field applied (8V/µm, blue) and no field applied (green).
is not outstanding in itself. It is quite interesting, on the contrary, the circumstance that the plasmonic response of such a composite nanomaterial is also tunable. This has been demonstrated by applying an external electric field (8 V/µm, frequency 1 Khz, square wave) across the cell, perpendicularly to the helix axes. This field induces an in-plane tilt of the optical axis of the CLC (aligned in ULH texture), with a consequent variation of the n|| refractive index of the CLC, experienced by s-waves. According to Mie Theory, a modification of the dielectric behavior of the host material corresponds to a tuning action of the LSPR frequency. In this case, when applying the external electric field, the impinging probe light experiences a decreasing value of the refractive index of the CLC (from n|| to about no; typically from 1.56 to 1.5). This yields a blue shift of the plasmonic absorption peak [51] . This hypothesis is confirmed by results shown in Figure 12b (higher magnification of the highlighted region of Figure 12a ): the absorption peak is blue shifted from λ=532 nm (green curve Figure 12b ) to λ= 514 nm (blue curve Figure 12b) . A confirmation of the active plasmonic behavior of the (blue and green) curves in Figures 12a,b is provided in Ref. [55] where it is shown that a similar sample, but without GNPs, shows an almost flat profile when probed with s-polarized light under the same experimental conditions (e.g. external electric field applied). An additional demonstration of the tunability of the plasmonic response of the composite structure has been obtained by varying the temperature of the sample; results are reported in Figure 13 .
By means of a miniature oven (CaLCTec S.r.l.), it was possible to vary the sample temperature from 25 °C up to 75 °C; a red-shift of the plasmonic absorption peak was observed in the range from 532 nm to 582 nm. It is well known [29] that the pitch p of chiral LCs elongates with temperature; if we assume that the CLC helices are wrapped by GNPs, it is reasonable to consider that both shape and size of GNPs aggregates are affected by this elongation. It has been demonstrated that the LSPR of NP arrays depends on particle size and density [56, 57] . Results show that for densely packed metal NPs the absorption peak is quite broad and centered in the bluegreen range; this peak slightly reduces its width and shifts to the red in case of well separated NPs. Indeed, as observed by Kinnan and Chumanov [58] , when NP aggregates are considered, whose size is comparable with the wavelength of the incoming radiation, different areas of the aggregates experience different phases of the incident radiation; thus, higher multipolar modes (quadrupolar, octupolar and even hexadecapolar) have to be taken into account. Given that the excitation frequency of these higher modes is larger than the dipolar mode, a macroscopic broadening of the plasmon peak occurs which has its center in the blue region of the electromagnetic spectrum. On the contrary, single, small-sized, NPs, when hit by the incoming radiation, experience the same phase of the electromagnetic wave on their whole area; in this condition, NPs behave as simple dipoles: the plasmonic peak width is quite narrow and, depending on the particle size, the peak is centered in the green-red part of the electromagnetic spectrum. Based on the above considerations, the temperature dependent shift of the plasmonic resonance observed in our sample can be therefore explained in terms of a temperature induced shape change of GNPs aggregates from bigger to smaller size.
Conclusions
In this paper, we have shown several possibilities of combining plasmonic subunits with liquid crystals. The aim was to overview how their mutual interaction can result in new possibilities in plasmonics. Results of experiments show that liquid crystals represent a convenient host for metallic nanoparticles because they can enable the tunability of their plasmonic properties. In more detail, both systems with nanoparticles layered with liquid crystals or dispersed in a liquid crystal bulk have been considered. In all cases, intriguing behaviours have been observed which may lend themselves to new promising and advanced applications.
